The development of a DNA microfluidic device with a high speed, low power, and low reagent volume is very critical for real-time genotyping and diagnosis in point-of-care applications. This paper reports a polymer-based thermal cycler for a handheld and battery-powered polymerase chain reaction (PCR) system using a polyimide (PI) film-based micro-fabricated heater module and polymer film microfluidic chambers of 10 μL, with a handheld and low power consumption, compared to state of the art. It took 21 min for 40 thermal cycling for DNA amplification and a maximum power consumption of 0.6 W. The microheater on PI film substrate fabricated and real-time quantification of deoxyribonucleic acid (DNA) using the heater in hand-held sizes experimentally shown here. The device would be applicable for on-site molecular diagnostics. which permits unrestricted use, distribution, and reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made.
Introduction
The design and fabrication of a DNA microfluidic devices with a high speed, low power, and low reagent volume is very important for real-time genotyping and point-ofcare testing for disease diagnosis [1, 2] . The work builds on a microfabrication process of the polymer-based heating module reported before [3] [4] [5] [6] [7] . At first we had reported a thermal cycler with a polymer chamber and a silicon-based MEMS heater. The device showed a very fast operation and very low power consumption, however, there are problems like fragility, high fabrication cost and low heat capacity of micro-heater [3, 4] . Next, we had developed a thermal cycler with a silicon microchamber and a polymer-based heating module [5] [6] [7] . The device showed a reasonably fast operation, low power consumption, and robustness of heaters. Because of excellent thermal conductivity of silicon, the PCR has worked well. However, there are problems like high fabrication cost and fragility of silicon micro-chambers [5] [6] [7] . This time, we have developed a polymer-based thermal cycler, consisting of polymer micro-chambers and the polyimide (PI)-or flexible printed circuit board (FPCB)-based heating modules. Advantage for using PI as a substrate for microheaters is its compatibility with silicon micro fabrication processes with benefits of thermal and chemical endurances, cost effectiveness and clean room fabrication procedures with less instrument usage. Through proper device designing and including integration of double thin metal layers into the polymer heating module for good thermal uniformity, we have successfully implemented a polymer-based thermal cycler [8] . Here, we reported on the design, microfabrication, and experimental results on the polymer-based thermal cycler for a battery-based and real-time DNA amplification system. The method reported here differs from previous works [3, 4] in the specific heater materials, [5] [6] [7] in the geometry of heating modules and their placement within the microfluidic device structures. 
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Design
The heat distribution in the microchamber was simulated based on buffer solution conditions using CFD-ACE+ simulator (Computational Fluid Dynamics Research Corporation (CFDRC), Alabama, US). In case of heating evenly on surface, we could see that the temperature sustained uniformly in the chamber, as shown in Fig. 1a . The utilized parameters for the simulation bring from the previous report [3] . The system consists of a disposable microfluidic component with a polymer film-based cartridge and a polymer FPCB micro-heating module, a sample-preparation kit, and a miniaturized fluorescence meter. A 100 μm-thick polymer FPCB film-based microheating modules, integrating a copper film heater, a temperature sensor, and two heat-spreading metal film layers, and the disposable component has five 10 μL microfluidic chambers in polycarbonate films, a module combining the heating module and fluidic micro-chamber with a manifold as shown in Fig. 1b-d respectively. The simple, facile, and embedded fluorescence meter using the LEDs and CMOS image sensors, has implemented for quantification of amplicon.
Results and discussion
A schematic view of the thermal cycler for polymerbased and miniaturized PCR system showed in Fig. 1e , with a close-up detail of the polymer heating modules and placement of all modules in the devices. The pictures of the micro-fabricated heater modules and the 10 μL-volumed polymer chamber cartridge showed in Fig. 1d . The thermal properties of the heating elements on the polyimide-based film component, including the temperature-consumption power and the time response curve, observed. Top copper resistive lines utilized as a heater and a temperature sensor, respectively. The copper resistance temperature device showed linear relationship between the temperature and resistance for 35-100 °C and an approximate temperature coefficient of resistance (TCR) of 4400 ppm/K was determined as shown in Fig. 2a . The initial resistance of heater is 34 Ω and the resistance of the resistance temperature detector (RTD) is 65 Ω in the room temperature. The polymer heating modules shows the heating and cooling rate of about 8 °C/s and the low power consumption of about 0.6 W at each chamber at maximum working temperature of 96 °C (Fig. 2) .
To investigate DNA amplification performances of the thermal cycler, two kinds of DNA sequence, β-actin, 70 bp, one of six different actin isoforms which have been identified in humans; and Cynanchum auriculatum Royle ex Wight (C. auriculatum), 150 bp, a species of climbing vine swallowworts) have been utilized. For extraction of DNA, we utilized a laboratory-made kit DNA extraction kit. It took about 26 min totally to prepare, amplify and analyze DNA templates consisting of the sample preparation, and amplification and analysis of the DNA amplicon. It took about 21 min for 40 thermal cyclings and a pre-denaturization as shown in Fig. 2b . In order to confirm DNA amplification using the microdevice, the original DNA amplification PCR fluorescence results for β-actin (amplicon size of 70 base pairs (bp)) genes dying SYBR green 1 before and after 40 amplification cycling were shown in Fig. 3a . We did control the three key temperatures (denaturization, annealing, and extension), sustaining times, and cycling numbers to get optimal working conditions by observing the intensities of Agarose gel electrophoresis band, as shown in Fig. 3b . As results, we determine to be 40 thermal cyclings of 99 °C for 5 s, 44 °C for 5 s with a predenatureation step of 99 °C for 30 s in three microchambers simultaneously, resulting in getting an excellent DNA amplification results. Furthermore, we have confirmed analysis performance with a high sensitivity (~ 5 × 10 4 /mL) and a low detection limit (~ 5 × 10 2 copies), as shown in Fig. 3c . It also showed a very high specificity (~ 99%) (not shown here).
Conclusion
In this study, we demonstrated that the designed and microfabricated microheater on PI film substrate showed the reliable thermal responses throughout forty thermal cyclings. We also demonstrated real-time quantification of DNA of both β-actin and C. auriculatum using the microheater, successfully through the analysis of the fluorescence and gel electrophoresis results. This device would be applicable to a molecular diagnostics and analysis tool in point-of-care applications. Here, M lanes are 25 bp marker, P1 is PCR products to β-actin and P2 is PCR products to Cynanchum auriculatum Royle ex Wight in a commercial thermocycler (UF-150, Genesystem Co., Ltd.) with the same temperature conditions in about 1 h, respectively. c The gel electrophoresis results as a function of starting DNA copies numbers showing the dynamic detection ranges (1.2 × 10 7 copies, 2.2 × 10 6 copies, 3.2 × 10 5 copies, 4.2 × 10 4 copies, 5.2 × 10 3 copies, and 6.2 × 10 2 copies)
